Objectives-The aim of this study was to evaluate the stiffness of the neonatal brain using 2-dimensional shear wave elastography in term and preterm neonates and to investigate possible stiffness differences between groups.
P rematurity, defined as birth before the 37th gestational week, is a serious health problem that is common worldwide. 1 Among neurologic consequences, 5% to 10% of preterm neonates are in danger of cerebral palsy, and 50% are in danger of developing deficits in cognition, behavior, or speech. [2] [3] [4] [5] [6] [7] [8] [9] In children who are born very preterm, cognitive and neuromotor impairments increase with decreasing gestational age. 5 In recent years, the main focus of neonatal research has tended to attempt to understand the underlying mechanisms of these negative neurologic consequences. 10 Similar to all organ systems, understanding the stiffness of tissues in the brain is necessary for better interpretation of the pathogeneses and prognoses of diseases. 11 In this context, the stiffness of the neonatal brain should be well known for a better understanding of neurologic deficits due to prematurity. Although there have been studies demonstrating the mechanical properties of brain tissue in healthy adults, [12] [13] [14] [15] there have only been a few studies in the pediatric age group, with especially few in the neonatal period. 16, 17 For this reason, the issue of how the mechanical properties of the brain change during early developmental stages still remains unclear. Shear wave elastography (SWE) is one of the various methods used for understanding the elastic properties of the brain. 11 Shear wave elastography is an ultrasound-based acoustic palpation technique that allows noninvasive and quantitative evaluation of tissue stiffness. The transducer generates a localized acoustic radiation force progressing through the tissue in the investigation area, and the stimulated tissue propagates shear waves that radiate transversely and reflect tissue elasticity. The square of the shear wave speed is proportional to the elastic modulus (E) of linearly isotropic tissues (E 5 3qcs 2 , where q is tissue density, and cs is shear wave velocity). From the velocity information, the elastic modulus (in kilopascals) can be calculated and displayed in a color-coded image with the option of measuring quantitative elasticity values. [18] [19] [20] In recent years, SWE has been frequently used in the evaluation of liver, breast, thyroid, lymph node, prostate, and many other tissue and organ diseases. 20, 21 There are 3 main SWE methods for noninvasive tissue stiffness-based assessment: transient elastography, point SWE, and 2-dimensional (2D) SWE. 19, 21 There have been only 2 studies in the literature on the evaluation of the neonatal human brain, and the acoustic radiation force impulse imaging technique was applied in those studies. 16, 17 To the best of our knowledge, there have not been any studies on evaluation of the brain parenchyma with the 2D SWE technique during the neonatal period. The aim of this study was to examine the stiffness of the neonatal brain using the 2D SWE method in term and preterm neonates and to investigate possible differences in elasticity between groups.
Materials and Methods

Study Population
This study was initiated after it was approved by Gaziosmanpasa University Faculty of Medicine Clinical Research Ethics Committee. A total of 83 neonates, including 44 term and 39 preterm, were included in the study. The data were collected by simple random sampling. Post hoc power values of the performed test with an a of .05 were 0.959 and 0.979 for the mean thalamus stiffness and the mean periventricular white matter stiffness, respectively. The birth week and birth weight of the neonates, mode of delivery, and ages at the dates of the examinations were recorded. Known or suspected chromosomal anomalies, congenital malformations, central nervous system infections, metabolic diseases, and periventricular leukomalacia were accepted as exclusion criteria in both groups. Moreover, neonates with any cerebral hemorrhage (ie, white matter injury or grade II-IV intraventricular hemorrhage), hydrocephalia, and an insufficient fontanel space for the examination and infants who could not stay calm during the examination were not included in the study.
Two-Dimensional SWE Measurements
Shear wave elastographic measurements were performed by a radiologist with 14 years of experience with grayscale ultrasound examinations and about 4 years with elastographic evaluations. During the examination, the radiologist was unaware of the patient's birth week and the age of the patient at the time of the procedure. The patients were laid down in a supine position. Stimulating the sucking reflex and keeping the environment quiet and dim provided for the calmness and immobility of the neonates. The investigation was conducted from the anterior fontanel. The anatomic structure of the brain was examined first by a grayscale evaluation, and the presence of exclusion criteria such as hydrocephalia and intracranial hemorrhage was investigated. Then SWE measurements were performed. Both grayscale and SWE evaluations were conducted with a LOGIQ E9 XDclear ultrasound device (GE Healthcare, Milwaukee, WI) using a C1-6-D XDclear 1-6-MHz convex transducer.
The SWE measurements were performed on both the thalamus and the occipital periventricular white matter. Thalamus measurements were conducted through a section, from which the caudothalamic groove was selected, on the right and left parasagittal planes ( Figure 1 ). Periventricular white matter measurements were performed on the coronal plane, from the occipital lobe level, through the section where the periventricular white matter echogenicity was clearly observed (Figure 2 ). After an appropriate anatomic section was visualized on a grayscale ultrasound examination, the SWE mode was selected. During the SWE examination, the investigator was careful not to apply pressure to the skin with the transducer. A rectangular box was placed on the measurement area, and the SWE images were obtained in the form of homogeneous coloring that filled the rectangle (Figure 1) . Next, the stiffness of the tissue was calculated in kilopascals by placing a circular region of interest (ROI) with the largest possible diameter (1.5 cm 2 ) in the rectangular box. The ROI automatically eliminated pixels that were outside the elasticity map (Figure 2 ) or were not color filled (which indicated invalid measurements), and a mean shear wave speed within the ROI was obtained.
The measurements were performed on the thalamus and periventricular white matter in the right and left anatomic localizations separately. For each thalamus and periventricular white matter, 3 valid measurements were performed, and the average of these 3 values was considered the mean stiffness value of that anatomic structure. For the measurement to be valid, the following Figure 1 . The 2D SWE measurements were obtained from the thalamus by placing the ROI on the sagittal ultrasound image (arrow), where the caudothalamic groove was on the examination plane. Figure 2 . The 2D SWE measurements were obtained from the occipital periventricular white matter by placing the ROI on the coronal ultrasound section (arrows), in which bilateral periventricular white matter echogenicity was observed.
criteria were used: (1) artifacts (spots, pixelization, and lack of a signal) occupying less than one-third of the elastographic map; (2) no sharp transition from soft (blue) to hard (red) elastographic areas; and (3) greater than two-thirds of the elastographic map with homogeneous coloring or a gradual color transition. 22 
Statistical Analysis
Data are expressed as mean 6 standard deviation or count and percentage. An independent-samples t test or paired-samples t test was used to compare the continuous data between groups. The Pearson correlation coefficient was used to determine the association between gestational age at birth and stiffness values of the thalamus and periventricular white matter. A receiver operating characteristic (ROC) analysis was applied to determine the power of the stiffness of the thalamus and periventricular white matter in predicting a significant preterm classification. p < .05 was considered significant. Analyses were performed with SPSS version 19 software (IBM Corporation, Somers, NY).
Results
The distributions of variables, both general and between preterm and term groups, are given in Table 1 . There were no statistically significant differences between the groups in terms of the age of the neonate during SWE measurements and the numbers of female and male neonates. On the other hand, there were statistically significant differences between the groups in terms of right, left, and mean thalamus stiffness values and right, left, and mean periventricular white matter stiffness values. All stiffness values were higher in the term group than in the preterm group.
The preterm group was then divided into 2 subgroups by birth week: at or before 33 weeks and after 33 weeks, 5 according to the gestational week during labor; the distribution of variables is presented in Table 2 . Although the right, left, and mean thalamus stiffness values and right, left, and mean periventricular white matter stiffness values were found to be lower at before 33 weeks, only the difference between the left periventricular white matter values was statistically significant. Data are presented as mean 6 SD where applicable. An independent-samples t test was used. Data are presented as mean 6 SD where applicable. An independent-samples t test was used.
Albayrak
The sex-dependent differences in the variables were assessed; there was no sex-dependent difference in any measured stiffness value (p > .05). There were no statistically significant differences between the right and left thalamus and between the right and left periventricular white matter (p 5 .772 and .716, respectively). On the other hand, there was a statistically significant difference between the mean periventricular white matter values and mean thalamus elasticity values in both the term and preterm groups (p < .001). The periventricular white matter stiffness values were significantly lower than those of the thalamus. According to the ROC curve analysis, the study population was classified as premature if the mean thalamus stiffness and the mean periventricular white matter stiffness were smaller than the cutoff points 8.28 and 6.59 kPa, respectively (Table 3 and Figure 3 ).
Discussion
To our knowledge, this work was the first study quantifying brain parenchymal elasticity in the neonatal period using the 2D SWE method. In this study, the brain parenchymal stiffness values, measured in both the thalamus and periventricular white matter, were found to be significantly lower in the preterm group compared with the term group. In addition, there was a significant positive correlation between the birth week and stiffness values. Another important finding was that the periventricular white matter stiffness was lower than the thalamus elasticity in both groups.
There are various test methods for understanding the mechanical properties of brain tissue. The most common of these methods are shear, compression, indentation, and tensile testing. A number of radiologic imaging methods such as SWE and magnetic resonance elastography (MRE) are also used for evaluation of mechanical properties of brain tissue. 11 Both MRE and SWE allow in vivo evaluation of tissues. In vivo evaluation is a more advantageous method than in vitro evaluation. 11, 23 The advantages of in vivo examinations are that the tissue structure is intact, perfused with blood, and hydrated, and the tissue temperature is regulated. These factors mean that the tissue is examined in its natural structure. The disadvantages of in vitro studies are postmortem tissue degeneration and loss of perfusion, hydration, and temperature regulation. 11, 23 This study was conducted in vivo with the SWE method and expressed accurate elasticity values of neonatal brain tissue better than in vitro studies.
In recent years, some researchers have used the SWE technique in the evaluation of brain diseases. [24] [25] [26] Chauvet et al 24 evaluated brain tumors and elasticity of normal brain tissue surrounding tumors in 63 patients using the intraoperative 2D SWE method. They obtained different elasticity values between normal brain tissue and tumoral tissue using SWE. They also found significant differences in the elasticity values measured according to type of brain tumor. According to these results, the intraoperative SWE method allows surgeons to obtain additional information about the diagnosis and extension of the tumor. Using the 2D SWE technique, Xu et al 25 found interhemispheric differences in the stiffness of mouse brains after middle cerebral artery occlusion. These differences were suggested to be associated with ischemia and edema due to occlusion in the ipsilateral hemisphere and diaschisis in the contralateral hemisphere. In another study, Xu et al 26 used this method in mice and rats with moderate traumatic brain injury or brain surgery. They detected interhemispheric stiffness differences 24 hours after moderate traumatic brain injury and hypothesized that these differences were caused by the hemorrhage and edema that occurred in the hemisphere with trauma and by the decrease in blood flow in both hemispheres. 26 If these hypotheses are true, the 2D SWE method may allow detection of tissue changes after ischemic stroke or moderate brain injury. In addition to the above-mentioned experimental studies, there have been 2 studies evaluating the stiffness of brain parenchyma in human neonates using the acoustic radiation force impulse method. Chen et al 16 examined neonates with and without hypoxic ischemic encephalopathy in preterm and term groups. The measurements were performed at the bilateral parietal lobe, thalamus, and cerebral falx levels. The stiffness values in the parietal lobe were found to be higher in the preterm group without hypoxic ischemic encephalopathy than those in the term group without hypoxic ischemic encephalopathy. The elasticity values in the right thalamus and bilateral parietal lobe were higher in the preterm group with hypoxic ischemic encephalopathy than in the term group with hypoxic ischemic encephalopathy. However, in their series involving healthy term and preterm neonates, Su et al 17 found stiffness values obtained from the parietal white matter, thalamus, cerebellum, and cerebral falx were higher in the term group in all locations. The reason for the controversial results obtained from these studies could be that neonates with hypoxic ischemic encephalopathy were included in the study by Chen et al, 16 but the entire study group consisted of neonates without a specific disease in the study by Su et al, 17 similar to our study. Similar to Su et al, 17 we found that elasticity values were higher in both the bilateral thalamus and bilateral periventricular white matter in the term group. Furthermore, different from the other studies, because neuromotor disorders increase in children who are born before 33 weeks' gestation, 5 the premature group in our study was divided into 2 subgroups according to birth week 33, and the elasticity differences were examined. Although all stiffness values were found to be lower at or before 33 weeks, only the differences between the left periventricular white matter values were statistically significant. This finding may have occurred because that the numbers of samples in the groups were low. In our opinion, if the number of samples could be increased, possible statistically significant changes in the stiffness values could be obtained. Additionally, different from the other studies, the correlation between the birth week and brain elasticity values was assessed, and the result was found to be statistically significant.
Different stiffness values can be obtained depending on the measured anatomic location in the brain. Chen et al 16 found that the thalamus stiffness was higher than the parietal white matter stiffness in healthy term neonates. Concordantly, Su et al 17 also stated that the thalamus was stiffer than the parietal white matter both in term and preterm neonates. Similar to those studies, we also found that the stiffness value of the thalamus was higher than the stiffness value of periventricular white matter. In both of those studies, there was no threshold value to determine prematurity using brain elasticity values. For the first time to our knowledge, threshold values for thalamus and periventricular white matter stiffness were introduced in this study to determine prematurity.
Several theories have been proposed to understand the stiffness of brain tissue due to age or localization. Green et al 14 found that white matter was less stiff than gray matter in their study conducted on adult human brains using MRE. We also found that the stiffness of the thalamus, most of which is gray matter mass, was higher than the stiffness of the periventricular white matter. Sack et al, 12 who investigated changes in brain elasticity values due to age and sex in volunteers between 18 Albayrak and Kasap-Evaluation of the Neonatal Brain With Shear Wave Elastography and 88 years using MRE, reported a decrease in human brain elasticity values due to age and suggested that this decrease might be caused by parenchymal liquefaction due to aging. Arani et al 13 found occipital and temporal lobes to be stiffer in women compared to men in the same age group. We did not detect any differences in brain elasticity values due to sex in this study. All of those studies were conducted on adult individuals, and there have been no studies investigating the human brain in the neonatal period using MRE in the literature. However, there have been limited numbers of in vivo and in vitro experimental animal studies examining the stiffness of the brain in the infantile age group. Thibault and Margulies 27 found significantly stiffer properties in adult tissue compared with porcine pediatric brain tissue when measured at 1.25% shear strain, over a frequency range , and no significant difference between adult and pediatric tissue at 2.5% shear strain. However, performing these measurements at a large deformation reveals that brain tissue is nonlinear, and adult tissue is stiffer than pediatric tissue at very small strains but not at large strains. The porcine neonatal period is approximately equivalent to 2 postnatal weeks in rats. In a recent study, Pong et al 28 investigated the stiffness of the brain in postnatal 1-to 6-week-old rats using MRE. In their study, myelination and cell density were examined simultaneously and histologically. They investigated how the mechanical properties of the brain changed due to age and location and what influenced these changes. The shear modulus of the cortical gray matter increased gradually from postnatal week 1 to week 2, stabilized between week 2 and week 4, and decreased gradually until week 6. The shear modulus of deep gray matter increased gradually from week 1 to week 4 and decreased gradually until week 6. They reported that the first postnatal weeks, during which the shear modulus of brain tissue increased, are equivalent to early childhood in humans, and the late postnatal weeks, during which the shear modulus of brain tissue decreased gradually, are equivalent to the human adolescent period. In their study, the stiffness values in deep gray matter were less than those in cortical gray matter, and this difference was suggested to be due to the presence of more myelin in deep gray matter. 14, 28, 29 However, they also reported a study showing that demyelination reduces brain elasticity values, 30 and the effects of myelin on stiffness are not fully understood. 28 In conclusion, they suggested that the brain stiffness values are not directly correlated with histologic features, and brain stiffness is affected not only by myelination but also by vascular development, cell death and dendritic pruning, brain growth, and perfusion pressure. 28, 31 The postnatal 1-to 6-week-old rats were stated to be equivalent to 2-to 12-year-old humans in the study by Pong et al. 28 According to these reference values, all of the above studies involved the human age groups of childhood and adulthood. To our knowledge, there has been no study investigating the stiffness of the brain in both preterm and term neonatal periods in the literature.
In addition to all of these factors, neonatal brain development is a complex process of microstructural and macrostructural events, which include not only myelinization but also neuronal and glial proliferation and migration and the organizational development of cortical layers and circuitry. 10 For this reason, brain stiffness in the neonatal period also may be affected by this development process, which varies by gestational week. In our opinion, the changes in stiffness of the brain due to gestational developmental stages in the neonatal period can be a complex process involving the common results of all of the above-mentioned changes and developmental stages. Further studies including more detailed histologic investigations are necessary for a better understanding of this process.
There were some limitations in this study. First, an evaluation of interobserver variability could not be conducted, since a single investigator performed the measurements. Although there have been studies with SWE conducted by a single investigator, 25, 26, 32 very high rates of interobserver agreement have been identified in many studies using the SWE method. [33] [34] [35] Second, the elasticity values could not be compared with histopathologic findings in this study, since this study was an in vivo human study, which made histologic evaluation impossible. Third, we did not make additional measurements of the same individuals in subsequent weeks. In our opinion, if sequential measurements could be performed in the same anatomic location of the same individual over several postnatal weeks, possible changes in the brain elasticity values due to age could be assessed in a more concrete way.
In conclusion, we found that the stiffness values of the thalamus and periventricular white matter were lower in preterm neonates than in term neonates and were higher in the thalamus compared with the periventricular white matter in both groups in this study using 2D SWE. Based on the ROC analysis, the optimal cutoff values of the mean thalamus and mean periventricular white matter stiffness for detecting prematurity were less than 8.28 and less than 6.59 kPa, respectively. These findings indicate that differences between brain stiffness values can be shown on 2D SWE in preterm and term neonates in the neonatal period, and our results may be reference points for evaluating neonatal brain stiffness in research on patients with various illnesses.
